In this work, fractal metasurfaces that consist of periodic gold squares on graphene are used to increase light− graphene interaction. We show by simulations and experiments that higher level fractal structures result in higher spectral tunability of resonance wavelength. This is explained by higher field localization for higher level fractal structures. Furthermore, spectral tunability of fractal metasurfaces integrated with graphene is investigated comparing two different schemes for electrostatic gating. Experiment results show that a top-gated device yields more spectral tunability (8% of resonance wavelength) while requiring much smaller gate voltages compared to the back-gated device.
G raphene is a 2D material that consists of carbon atoms arranged in a honeycomb lattice. It has been a promising material for electro-optic devices due to various remarkable properties. Graphene has a very high carrier mobility 1 owing to zero effective mass of traveling electrons 2 and electron mean free path values on the order of micrometers. 3 Furthermore, optical transitions in graphene can be largely controlled by electrical gating due to confinement of electrons in one atomic layer and to a remarkable shift of the Fermi level with varying carrier concentration. 4 Thus, graphene is a good choice of material for field-effect devices. Carrier concentration dependent optical conductivity of graphene also allows for the tunability of plasmon resonances of graphene-hybrid devices. Tuning ranges of 8% 5 and 20% 6 of the plasmon resonance frequency were reported by Yao et al. previously. Traditional back gating of graphene on a highly doped Si/ SiO 2 substrate is a reliable method to manipulate its carrier concentration. In this approach, control voltages increase as the oxide layers become thicker, and control voltages as high as 390 V may be necessary for a device with a 1 μm thick oxide layer. 7 Back-gated graphene devices have been used in many applications as photodetectors, 8 modulators, 7, 9 and nanoresonators. 10 On the other hand, a more efficient dielectric, an ion gel, has been used by Halas et al. 11 and Ju et al. 12 to top gate a patterned graphene layer with much lower control voltages.
In this work, we investigated graphene−gold fractal metasurfaces to enhance light−graphene interaction. The system consists of periodic gold fractal squares with three different levels patterned on a Si−SiO 2 −graphene substrate. Furthermore, measurements are made using two separate devices with different gating schemes, and the results are compared. Carrier density of graphene is manipulated by using back gating and a SiO 2 dielectric for the first device. The second device is top gated using ionic liquid as a conducting medium. In both devices, the tunability of the resonances is promising for filtering and switching applications.
■ DESIGN AND EXPERIMENTS
The layouts of the two devices are shown in Figure 1 . In both devices, Si/SiO 2 /graphene substrates are used. On these substrates, there are different metasurfaces, which consist of gold periodic fractals of different levels. In the first device (Figure 1a ), source and drain contacts on graphene and a back contact enable gating graphene. In the second device ( Figure  1b ) graphene is gated through a top contact and an ionic liquid electrolyte that lies in between graphene and the top contact.
Fractal metasurfaces serve the purpose of increasing graphene−light interaction. Fractal level is defined as the number of self-repetitions of the geometry. First-, second-, and third-level square fractal patterns are designed in order to compare the effects of plasmonic interaction. The periodicity, p, and the side length of the smallest square unit, a, is chosen to achieve resonance peaks at similar wavelengths (around 6−6.5 μm). For first-, second-, and third-level fractals (p, a) values are (2400, 640), (1800, 150), and (1600, 40) nm, respectively (see Figure S1 in the Supporting Information). To compare the electric field localizations for different fractal patterns, a set of simulations without graphene is carried out. Figure 2d −f show the electric field distribution at the resonance wavelengths taken from a monitor that lies on the SiO 2 /gold interface where graphene would lie. The mesh size used is 5 nm in the x and y directions and 0.25 nm in the z direction. The electric field distribution shows that the intensity of the localized field and the number of localization centers both increase going from firstto third-level fractals. The effective mode area of each fractal level is calculated as 2.71, 2.06, and 1.83 μm 2 for first-, second-, and third-level fractals, respectively. The EM density, which is the ratio of the effective mode area of each unit cell to the total area of the unit cell, is calculated as 0.47, 0.64, and 0.715 going from firstto third-level fractals. Hence, the light− graphene interaction is greater for higher level fractal geometries.
The rest of the simulations are carried out with graphene. In these simulations, the sheet optical conductivity of graphene is modeled as given in eq 1, 13, 14 where k B is the Boltzmann constant, T is the temperature, ω is the frequency, E F is the Fermi energy, and τ is the carrier relaxation lifetime. Carrier relaxation lifetime, τ, depends on σ, the semiclassical diffusive conductivity for 2D graphene, g s and g v , which are the spin and valley degeneracy factors, respectively, and are taken as 2. 15 This dependence is given in eq 2.
The permittivity of bulk graphene is mapped to the sheet conductivity using eq 3, where ε is the volume permittivity, σ s is the sheet conductivity, and t G is the graphene thickness. The permittivity data are later imported to the simulation software to model a 1 nm thick graphene material for different Fermi energy values. The thickness of our graphene material is defined to be larger than the actual thickness of single-layer graphene in order to use coarser meshes in the simulation and save simulation time. are taken using an FTIR spectroscopy system integrated with a microscope. Using the microscope incoming light is focused on the regions of the different fractal patterns. Reflection spectra are measured for different values of the gate voltage. In the first device (Figure 1a ), a small voltage (0.2 V) is applied between source and drain contacts and the gate voltage is applied between the source and back contact. In the second device ( Figure 1b ) gate voltage is applied between graphene and the top contact
■ RESULTS AND DISCUSSION
The normalized reflection spectra of numerical simulations and measurements for the three different fractal designs are illustrated in Figure 3 . For the back-gated sample, the charge neutrality point (CNP) is calculated using the C = ne/V 16 relationship, where n is the sheet carrier concentration and C is the capacitance per unit area. Capacitance per unit area is estimated as C = 1.2 × 10 −4 F/m 2 , and Hall measurements of the graphene samples give the sheet carrier concentration at no applied voltage as n = 6.4 × 10 12 cm −2 . Therefore, the CNP is expected to be at 85 V (see Figure S2 in the Supporting Information), and the gate voltage applied during the FTIR (Fourier transform infrared) measurements spans a voltage range from 85 V down to −50 V. ΔV values, which are applied gate voltages with respect to V CNP , are indicated in the legend of Figure 3d −f for clarity. For the topgated sample, the CNP is found at −0.6 V, with I−V measurements plotted in Figure S3 in the Supporting Information. Gate voltages higher than 2.5 V induce irreversible structural deformation on graphene. 17 Hence, for this sample, gate voltage applied during the FTIR measurements spans a voltage range from −0.6 to 2.5 V. Again, ΔV values, which are applied gate voltages with respect to V CNP , are indicated in the legend of Figure 3g −i for clarity.
The Fermi level of graphene depends on sheet carrier concentration according to π = ℏ E v n F F . 2 This relationship enables manipulation of the Fermi level by gating graphene. Fermi energy dependence of graphene permittivity according to eq 3 allows for spectral tuning of the resonance wavelength by gating graphene. Therefore, in all simulations and measure- ments, a resonance shift to shorter wavelengths is observed as the carrier concentration of graphene increases. For the backgated sample a voltage span of 135 V was required to achieve spectral tunability values of 88, 162, and 211 nm for first-, second-, and third-level fractal metasurfaces, respectively. For the top-gated sample, however, a voltage span of 3.1 V was enough to record resonance wavelength shifts of 111, 207, and 378 nm for first-, second-, and third-level fractal metasurfaces, respectively. The top-gated sample therefore is said to be a more efficient gating scheme. The simulation and measurement results also show that the amount of wavelength shift is greater for higher level fractal structures. This relationship is due to the greater light−graphene interaction for metasurfaces with higher level fractal patterns as depicted in Figure 2d −f. For third level fractals, the E-field is more localized on the graphene due to the plasmonic modes; hence more tunability of the resonance is achieved.
As a conclusion, top gating graphene using the ionic liquid electrolyte is a more efficient way for spectral tuning of resonances than the traditional back gating method. Resonance wavelength shifts as high as 378 nm (6% of the resonance wavelength) are recorded by applying much less controlled voltages in the top gating method. Furthermore, it is shown that for higher level fractal metasurfaces more spectral tunability is achieved due to more light−graphene interaction. When fractal metasurfaces that localize more light are integrated with graphene, graphene's properties such as tunability are benefited more. This is very promising for the realization of graphene-based electro-optic devices.
■ METHODS
Simulation. The numerical simulations are carried out by using the finite-difference time domain simulation software, Lumerical FDTD Solutions. In the simulation setup, 280 nm thick SiO 2 is layered on an infinite silicon slab. On top of that 50 nm thick gold squares are placed to form different level fractal unit cells. Periodic boundary conditions are used on the sides of the unit cell, while using perfect matched layer (PML) boundary conditions in the normal direction. The structure is illuminated with a normally incident plane wave source, and a reflection monitor was placed above the source.
The first set of simulations are performed without graphene. An E-field monitor is placed on the SiO 2 /gold interface (where graphene would lie) to compare E-field localizations of different level fractal patterns. Afterward, 1 nm thick graphene material is added between the SiO 2 slab and the gold patterns. Two sets of simulations with different graphene Fermi levels are carried out for each of the first-, second-, and third-level structures. The Fermi level value of the graphene model is taken as 0.2 eV for one set of simulations and 0.7 eV for the other.
Fabrication. To fabricate both of the devices shown in Figure 1 , CVD-grown monolayer graphene on Si/SiO 2 samples purchased from Graphene Supermarket is used. For the backgated device, graphene is patterned into 0.5 μm by 1 μm rectangular active regions by photolithography and O 2 plasma etching. Next, source and drain contacts are added by photolithography followed by 400 nm Au metalization. Finally, to fabricate three different levels of fractals e-beam lithography is done and 5/45 nm Ti/Au metal layers are evaporated. After the fabrication steps, the first sample is placed on a printed circuit board (PCB), and copper is used as the back gate. Source and drain contacts are connected onto the PCB by wire bonding.
For the second device, fractal patterns are fabricated on a Si/ SiO 2 /graphene sample in the same way as the first device using e-beam lithography. However, in this device a separate CaF 2 substrate with a 500 nm thick gold layer is used for the top gate. For reflection measurements, a 2 mm by 2 mm square window opening is obtained using negative photolithography. Subsequently, this top gate is placed with the gold side facing down onto the graphene sample. Double-sided adhesive carbon tapes are used at this stage not only to leave some space between the substrate and the top gate but also as electrical contacts. Finally, this space between graphene and the top gate is filled with ionic liquid, i.e., diethylmethyl(2-methoxyethyl)ammonium, which is commercially available. 
